In order to evaluate the relationship between regional myocardial perfusion and segmental dyskinesis, 22 open chest dogs were studied using ultrasound to register cardiac wall motion and radioactive labeled microspheres to determine myocardial perfusion. In six dogs, motion and perfusion were correlated at two levels of partial circumflex coronary artery occlusion followed by complete occlusion. A good correlation between declining myocardial perfusion of all the ischemic segments and development of aneurysmal bulging (during isometric contraction) was seen: r = -0.80. A similar correlation between myocardial perfusion and endocardial wall velocity (during systolic ejection) was observed: r = 0.92. In nine dogs, the effect of 45 minutes of complete coronary occlusion followed by 30 minutes of reperfusion was evaluated with respect to perfusion and motion. After coronary reperfusion myocardial perfusion of the ischemic area returned to control levels (from 32.6 ± 3.5 to 130.3 ± 13.3 ml/100 g/min), but aneurysmal bulging during isometric contraction persisted. Endocardial wall velocity during systolic ejection showed a variable response to reperfusion, achieving values ranging from 32% to 162% of the preocclusion levels. In seven dogs the ultrasound beam was reflected off nonischemic myocardium adjacent to areas of ischemia resulting from coronary occlusion. Despite preservation of normal myocardial perfusion in these nonischemic areas wall motion abnormalities were evident: endocardial wall velocity declined from 25.8 + 5.8 to 14.0 ± 4.9 mm/sec (P < 0.01), and aneurysmal bulging developed in three animals. These changes may be due to transient undetected ischemia in the segments struck by the ultrasound beam, or to passive alteration of the motion of the normally perfused areas by the severe dyskinesis of the adjacent ischemic myocardium.
IN 1935 TENNANT AND WIGGERS1 demonstrated that coronary artery ligation produces systolic expansion of acutely ischemic myocardium. Most subsequent clinical and experimental investigations have emphasized the relationship between anatomic lesions of the coronary arteries and wall motion abnormalities, using angiography,2 echocardiography3 and epicardial strain gauges.4' B However, these studies have provided little information about the relationship of changes in myocardial perfusion to abnormal wall motion. Such information may be important as clinical interventions designed to reduce the size of myocardial infarction are widely undertaken, since segmental wall motion has already been shown to be affected by such interventions.f'f 7Alteration of myocardial perfusion may be the mechanism by which such changes in wall motion occur.
The purpose of this study was to evaluate the relationship between segmental myocardial perfusion and segmental dyskinesis following coronary occlusion and coronary reperfusion. Methods Twenty-two adult mongrel dogs weighing 15 to 25 kg were anesthetized with sodium pentobarbital 25 mg/kg i.v. Respiration was maintained by a Harvard respirator and a cuffed endotracheal tube. Tidal volume was adjusted periodically to maintain arterial pO2 and pH within a physiologic range. A midsternal thoracotomy was performed, the pericardium incised and the heart exposed. The circumflex coronary artery was dissected free from the epicardial fat, and either an inflatable balloon cuff or a loose ligature was placed around it. Heparin (250 units/kg, i.v.) was administered, and cannulae were placed directly in the right brachial and femoral arteries and the left atrial appendage. Polyurethane catheters (8 Fr) were inserted into the ascending aorta and left ventricle by retrograde catheterization; arterial and left ventricular pressures were measured with Statham P23 strain gauges. Left ventricular dp/dt was determined from the left ventricular pressure tracing by an RC differentiation circuit. All recordings were made on an Electronics for Medicine DR12 multichannel photographic recorder.
Echocardiographic Recording of Segmental Motion
Ultrasound recordings of the motion of the interventricular septum and left ventricular posterior wall were obtained using a 2.25 MHz unfocused transducer and ultrasonoscope (Smith-Kline Ekoline 20); the ultrasound signal was displayed on the photographic recorder simultaneously with the pressure, dp/dt and electrocardiographic signals. The method involved in obtaining the recordings has been described in detail in a previous report from our laboratory.8 Briefly, the ultrasound transducer was placed lightly on the exposed anterior surface of the heart and directed inferiorly to the mitral leaflet echoes to record the characteristic motion of the left ventricular posterior wall. The sensitivity of the ultrasonoscope was manipulated to best define the ultrasonic signal from the left ventricular endocardium. The transducer was fixed in place by a stationary arm to avoid transmitted motion from the heart, so as to provide a fixed reference point. Verification of the ultrasound identification was achieved by rapid injection of 5 ml of normal saline or cardiogreen dye through the left ventricular or left atrial catheters; this maneuver produces ultrasonic contrast reflections which fill the chamber and outline the endocardialblood interface bordering the ventricular cavity.8' 8 Standard designations were used for the labeling and description of left ventricular posterior endocardial motion10 ( fig. 1 ). Point B, the posterior wall position at end-diastole, is approximately simultaneous with the R wave of the ECG. During isometric contraction the wall moves posteriorly from B to C. The anterior motion from C to D is coincident with ventricular ejection, while the motion from D to E reflects isometric relaxation. The mean posterior endocardial wall velocity (WV) was obtained by calculating the slope of the line drawn from the onset (C) to the end (D) of ventricular ejection in mm/see. Posterior endocardial wall excursion (WE) was obtained by measuring the amplitude of posterior wall motion as the vertical distance from C to D in mm.
Radioactive Microsphere Determination of Myocardial Perfusion
Left ventricular myocardial perfusion was determined by EKG -W00_ t use of 7-10g microspheres labeled with "'Ce, 86Sr, "'Cr and 4'Sc. For each flow measurement between 1.9 X 108 and 19.4 X 108 microspheres were suspended in 0.1 to 3. 1 ml of saline and injected over a 10 second period into the left atrium, and the cannula was then flushed with 5 ml of saline. Left ventricular and aortic pressures were recorded during this period to assure that no hemodynamic alteration occurred; previous investigators1' have demonstrated that injection of as much as 8 X 108 microspheres directly into the coronary circulation does not alter coronary vascular resistance. Prior to injection, the vial containing the microspheres and one drop of Tween-80 was vigorously agitated mechanically for at least four minutes. Microscopic examination of microspheres prepared in this manner showed dispersion of at least 98%o of the spheres; occasional small groups of three to five spheres were observed. Starting one minute before injection and continuing until three minutes after injection, blood for reference flow determinations was withdrawn simultaneously from the right brachial and right femoral arteries at 2.06 ml/min with a Harvard pump.
After all recordings were completed, two metal probes were lined up on either side of the ultrasound transducer and passed through the heart in parallel to mark the path of the ultrasound beam. To minimize deformation of the left ventricular wall (and consequent errors in beam localization) we used thin, #20 needles, with sharp points. This maneuver was done on the beating heart in order to avoid any deformity of the ventricle which might occur after death. The points of intersection of the probes with the left ventricular posterior endocardium were noted and the myocardial segments (vide infra) between these points subsequently identified, in order to enable a calculation of the perfusion of the specific segments traversed by the ultrasound beam. The animals were then killed with an injection of potassium chloride. The heart was excised and the free walls of the right ventricle, the right and left atrium, great vessels, valves, surface vessels and epicardial fat were removed. Using the posterior descending coronary as a starting point, the left ventricle was divided into four equal AN~~1. .--'---',~~~~~0 ' *rv '00 #M.
.00, levels of eight segments each, and each segment was divided into three layersendocardium, mid-wall and epicardium. Thus the left ventricle was divided into 96 segments of about 1.6 X 1.6 X 0.3 cm in size. Since the size of the probes was very small compared to the size of the segments errors in beam localization were minimized. The relative geometric position of each segment was constant from animal to animal.
Using techniques previously described by us12 perfusion maps of the left ventricular flow distribution following midcircumflex coronary occlusion were constructed ( fig. 2 ). Standard statistical techniques were utilized to analyze the data. All results are expressed as the mean i 1 standard error.
Graded Circumflex Coronary Occlusion
Using these techniques, we assessed the relationship of myocardial perfusion and cardiac wall motion as follows: in the initial six dogs, we evaluated the effect of graded circumflex coronary artery occlusion. Control echocardiographic recordings were obtained and microsphere injections were performed. The coronary occlusive balloon was then successively inflated to approximately 50% and 75% of its predetermined capacity in an attempt to produce cor-
Perfusion map of the left ventricle. The ventricle is divided into 96 segments. The perfusion of each segment was determined by radioactive labeled microspheres after each intervention. The shaded area indicates ischemic segments produced by circumflex coronary artery occlusion in a typical animal.
Circulation, Volume 52, December 1975 onary artery stenosis, followed by inflation to 100% of its predetermined capacity to produce complete coronary occlusion. At each level of partial or complete coronary occlusion ultrasound recordings of wall motion were made and microspheres labeled with different radioisotopes were injected into the left atrium to determine myocardial perfusion. The animals were allowed to stabilize for ten minutes after each successive balloon inflation before the recordings were made, so that the final recordings and microsphere injections were made 30 minutes after the initial partial coronary occlusion was begun. After calculation of wall motion and myocardial perfusion were completed correlations were obtained between parameters of wall motion (i.e., aneurysmal bulging during isometric contraction and endocardial velocity during systolic ejection) and the perfusion of the myocardial segments actually traversed by the ultrasound beam. It generally appeared that the beam (as indicated by the metal probes) had traversed two adjacent segments in each of the endocardial, midwall and epicardial segments for a total of six segments. Correlations were made between wall motion and perfusion of these six segments, between wall motion and perfusion of progressively larger areas of ischemic myocardium around these central six segments (12, 18 and 36 segments), and finally, between wall motion and myocardial perfusion of all the ischemic segments for each level of coronary occlusion. A correlation coefficient and regression equation were derived for each animal, and then a mean of these individual values was determined. Since the correlation coefficients and regression equations obtained for each of the correlations (i.e., wall motion vs perfusion of 6, or 12, or 18 or 36 or all ischemic segments) were quite similar, we have presented in the results section only two of these correlations: between wall motion and perfusion of the six myocardial segments actually traversed by the beam and between wall motion and the perfusion of all the ischemic segments.
Complete Coronary Occlusion and Reperfusion
In the subsequent nine animals, we evaluated the effect of complete coronary occlusion followed by coronary reperfusion on perfusion and motion. After control ultrasound recordings and microsphere injection the circumflex coronary artery was completely occluded. A second set of recordings was obtained after 45 minutes of occlusion. Following this the occluding balloon was deflated in five animals and the ischemic myocardium reperfused. In four of the animals the balloon inflation was maintained so that no reperfusion could occur; these served as controls. Additional recordings were made at 30 minutes of reperfusion (or 75 minutes after original occlusion in the four control animals).
Motion of Nonischemic Myocardium Adjacent to Ischemic Myocardium
In seven animals it was determined that the myocardial segments struck by the ultrasound beam after 30 minutes of complete coronary occlusion were not actually ischemic, although they were adjacent to ischemic segments. Data from these seven animals were analyzed separately to ascertain the relationship between dyskinesis and myocardial perfusion in nonischemic segments adjacent to ischemic segments.
Data requiring comparison of multiple conditions (graded circumflex coronary occlusion studies, and coronary occlusion and reperfusion studies) were analyzed first by analysis of variance, and then further analyzed by performing 
Results
The mean left ventricular control flow, before coronary occlusion, for all 22 dogs in this study was 109.5 SE *6 segments = those segments actually traversed by the ultrasound beani. In these animals these segments are normally perfused, but are adjacent to ischemic segments. **P < 0.01 occlusion vs control.
(BC amplitude) of the left ventricular endocardium showed a progressive increase which became pronounced and significant after complete occlusion (P < 0.05) ( fig. 1 ). This represents aneurysmal bulging of ischemic myocardium.8 The left ventricular endocardial wall velocity during systolic ejection progressively declined as the occlusion progressed. Similarly, the endocardial wall excursion fell significantly. The perfusion of the six small myocardial segments struck by the ultrasound beam decreased progressively. Correlation coefficients and regression equations for echocardiographic parameters of wall motion with myocardial perfusion of the six segments traversed by the ultrasound beam were derived, where x = BC amplitude or wall velocity, both expressed as percent of control, and y = myocardial perfusion, expressed as percent of control. The mean correlation coefficient for BC amplitude = -0.82, y = -0.43 x +130. For wall velocity, r = 0.91, y = 1.09 x -10.62. When correlating BC amplitude and wall velocity with perfusion of all the ischemic segments the mean correlation coefficients were similar: for BC amplitude, r = -0.80, y = -0.34 x +121; for wall velocity, r = 0.92, y = 0.89 x +6.
Complete Coronary Occlusion and Reperfuston
The echocardiographic, myocardial perfusion and hemodynamic data are summarized in table 2. Hemodynamic changes were again minor. The BC amplitude of the four control dogs increased as aneurysmal bulging occurred following complete coronary occlusion. Wall velocity correspondingly declined as did wall excursion. Myocardial perfusion of the six segments traversed by the ultrasound beam fell, as did mean perfusion of all the ischemic segments.
In these control animals no further significant Circulation, Volume 52, December 1975 changes in BC amplitude, wall velocity, wall excursion or myocardial perfusion occurred when remeasured up to 75 minutes after complete coronary occlusion. In the five reperfusion animals, 30 minutes of coronary reperfusion returned myocardial perfusion to control levels. Despite restoration of perfusion the mean BC amplitude remained significantly greater than control levels after 30 minutes of reperfusion, indicating persistence of aneurysmal bulging. Mean endocardial wall velocity and excursion did improve in the five reperfusion animals, to levels which were not significantly different from the pre-occlusion mean velocity in this group of dogs. However, as indicated in figure 3 , there was considerable variability in the response of the endocardial wall velocity to reperfu- sion; two of the animals reached 162 and 135% of their pre-occlusion values, while the velocities of the three others ranged from 77 to 32% of their own control levels. Corresponding myocardial perfusion values ranged from 85% to 135% of control. In other words, there was no relationship between wall velocity and myocardial perfusion 30 minutes after release of the coronary occlusion.
It should be noted that the animals in tables 1 and 2A tended to have lower control aortic pressures and, probably as a consequence of this, lower control myocardial perfusion than those in tables 2B and 3. This difference may have been due to more careful attention to hemostasis during thoracotomy in the latter groups of animals. Since each group of animals is being used primarily for internal comparisons, the intergroup pressure differences should not invalidate the observations made. The only intergroup comparison made is between animals in table 2A and 2B; 2A animals are used as a control for the reperfusion (table 2B ) animals only to demonstrate that following 45 minutes of occlusion, an additional 30 minutes of occlusion does not result in a significant alteration of either myocardial perfusion or dyskinetic wall motion in the absence of coronary reperfusion. Effects of Regional Ischemia on the Motion of Adjacent Nonischemic Myocardium Table 3 presents the echocardiographic, myocardial perfusion and hemodynamic data of the seven dogs in which the ultrasound beam was determined to be striking normally perfused myocardium adjacent to ischemic segments. Thirty to 45 minutes after com- showing that ischemia had been produced in these animals. However, the mean perfusion of the six myocardial segments actually struck by the ultrasound beam in these animals remained unchanged, indicating that these segments were indeed nonischemic. The mean wall velocity of these animals declined 43% (fig. 4 ). The BC amplitude increased from 163% to 240% of control in three of these seven dogs ( fig. 5 ) suggesting aneurysmal bulging was occurring in these animals. A correlation coefficient between the myocardial perfusion of the ischemic segments (not struck by the ultrasound beam) and the BC amplitude of the nonischemic segments actually traversed by the beam was poor (r = -0.10), as was a similar correlation with endocardial wall velocity (r = 0.38).
Discussion
Three main conclusions can be drawn from this study: 1) cardiac wall motion abnormalities developed progressively as myocardial perfusion declined following increasing degrees of coronary artery constriction; 2) despite restoration of normal myocardial perfusion after 45 minutes of occlusion and 30 minutes of coronary artery reperfusion, cardiac wall motion abnormalities persisted, although in all the dogs there was improvement in wall velocity as compared to the period of occlusion; 3) segmental dyskinesis occurred in normally perfused myocardium immediately adjacent to areas of ischemia.
Previous studies from our laboratory have shown that following coronary artery occlusion cardiac wall motion changes can occur in the absence of corre- 8 We have utilized echo-demonstrated aneurysmal bulging and wall velocity measurements as indicators of segmental myocardial function in assessing the effects of various physiologic and pharmacologic interventions on the performance of ischemic myocardium.7 13, 14 The finding in this study of a good correlation between declining myocardial perfusion and progressively worsening dyskinesis of the involved areas suggest that changes in aneurysmal bulging and wall velocity reflect changes in segmental perfusion of an ischemic area.
Discrepancies between myocardial perfusion and wall motion abnormalities appeared in the animals undergoing coronary reperfusion. Previous studies in our laboratory7 indicated that echo-demonstrated segmental dyskinesis did not disappear following acute coronary reperfusion, but myocardial perfusion was not assessed in those studies. The present study demonstrates that dyskinesis may persist despite levels of myocardial perfusion which reach or exceed the control levels after release of the coronary occlusion. Possible explanations include the presence of irreversible myocardial damage, or metabolic derangements severe enough to delay return of normal motion, despite rapid flow restoration. Experimental evidence for the latter explanation includes the recent work of Heyndrickx et al.'5 who were able to demonstrate impairment of regional myocardial function for up to six hours following five minutes of coronary occlusion. This interval appears too short to cause structural myocardial alterations. 6 It is possible that longer periods of reperfusion than we evaluated would have resulted in further return of wall motion toward preocclusion levels.
This study establishes that normally perfused myocardium adjacent to ischemic myocardium displays dyskinesis similar to that of the ischemic area. Two explanations are possible: a transient decrease in perfusion of the nonischemic area might have occurred following coronary occlusion; perfusion might then have returned to normal before the postocclusion measurements 30 minutes later. If this happened the observed dyskinesis might represent persisting effects of a period of temporary ischemia. Alternatively, it may be that the observed nonischemic dyskinesis occurs in a small area between frankly abnormal ischemic motion and normally moving nonischemic myocardium because motion of this area is passively altered by the markedly abnormal motion immediately adjacent to it. This area may be the functional equivalent of the "border" areas which Heyndrickx et al.15 studied using ultrasonic segment length gauges. This observation has important clinical im-Circulation, Volume 52, December 1975 plications. It has generally been assumed that the demonstration of dyskinesis in man, by either angiography2 or echocardiography,3 implies the presence of ischemia and/or fibrosis in the dyskinetic area. The response of such areas to inotropic stimulation by epinephrine17 or postextrasystolic potentiation'8 has been utilized to assess the contractile reserve of such areas. But the inference that dyskinesis usually implies ischemia or fibrosis may be incorrect, as shown here; if so, the effect of various inotropic interventions may be a complex mixture of direct effects on actually nonischemic, but dyskinetic myocardium, plus the effect on adjacent ischemic ventricular muscle. 
